Cold shock proteins (Csps) function to preserve cell viability at low temperatures by binding to nucleic acids and consequently control gene expression. The mesophilic bacterium Corynebacterium pseudotuberculosis is the causative agent of caseous lymphadenitis in animals, and infection in livestock is a considerable economic burden worldwide. In this report, the structure of cold shock protein A from Cp (Cp-CspA) and biochemical analysis of its temperature-dependent interaction with a Y-box ssDNA motif is presented. The Cp-CspA structure contains five b-strands making up a b-barrel fold with 11 hydrophobic core residues and two salt bridges that confers it with a melting temperature of~54°C that is similar to mesophilic Bs-CspB. Chemical shift perturbations analysis revealed that residues in the nucleic acid-binding motifs (RNP 1 and 2) and loop 3 are involved in binding to the Y-box fragment either by direct interaction or by conformational rearrangements remote from the binding region. Fluorescence quenching experiments of Cp-CspA showed that the dissociation constants for Y-box ssDNA binding is nanomolar and the binding affinity decreased as the temperature increased, indicating that the interaction is enthalpically driven and the hydrogen bonds and van der Waals forces are important contributions for complex stabilization. The Y31 of Cp-CspA is a particular occurrence among Csps from mesophilic bacteria that provide a possible explanation for the higher binding affinity to ssDNA than that observed for Bs-CspB. Anisotropy measurements indicated that the reduction in molecular mobility of Cp-CspA upon Y-box binding is characterized by a cooperative process.
Cold shock proteins (Csps) function to preserve cell viability at low temperatures by binding to nucleic acids and consequently control gene expression. The mesophilic bacterium Corynebacterium pseudotuberculosis is the causative agent of caseous lymphadenitis in animals, and infection in livestock is a considerable economic burden worldwide. In this report, the structure of cold shock protein A from Cp (Cp-CspA) and biochemical analysis of its temperature-dependent interaction with a Y-box ssDNA motif is presented. The Cp-CspA structure contains five b-strands making up a b-barrel fold with 11 hydrophobic core residues and two salt bridges that confers it with a melting temperature of~54°C that is similar to mesophilic Bs-CspB. Chemical shift perturbations analysis revealed that residues in the nucleic acid-binding motifs (RNP 1 and 2) and loop 3 are involved in binding to the Y-box fragment either by direct interaction or by conformational rearrangements remote from the binding region. Fluorescence quenching experiments of Cp-CspA showed that the dissociation constants for Y-box ssDNA binding is nanomolar and the binding affinity decreased as the temperature increased, indicating that the interaction is enthalpically driven and the hydrogen bonds and van der Waals forces are important contributions for complex stabilization. The Y31 of Cp-CspA is a particular occurrence among Csps from mesophilic bacteria that provide a possible explanation for the higher binding affinity to ssDNA than that observed for Bs-CspB. Anisotropy measurements indicated that the reduction in molecular mobility of Cp-CspA upon Y-box binding is characterized by a cooperative process.
Introduction
Living organisms respond to variations in the microenvironment that surrounds them, such as temperature, pH, pressure, osmotic conditions, and oxygen availability. The bacteria genera are a good example of microorganisms that have developed specific reaction mechanisms, which allows adaption to extreme conditions, for example, lower temperatures than their optimal growth temperature [1] . Adaptation of bacteria to grow at low temperatures can be monitored by changes in their growth rate, intracellular fatty acid and nucleic acid levels, and protein synthesis [2] . In many bacteria a reduction in the ambient temperature results in the concomitant increase in the production of cold shock proteins (Csps) by 2-10-fold, whereas normal protein production levels are decreased drastically [3] .
Cold shock proteins are found in a wide range of bacteria from psychrophiles to hyperthermophiles, and share highly conserved primary and tertiary structures [4] [5] [6] [7] [8] [9] . Csps function to enhance DNA transcription, which supports expression of other Csp-induced genes, for example, hns and gyrA [10] [11] [12] . This function is executed by the specific binding of Csps to a target nucleic acid sequence, such as the Y-box sequence (ATTGG). Csp structures have two highly conserved nucleic acid-binding motifs, ribonucleoprotein (RNP) 1 and 2. These motifs have basic and aromatic residues that form a nucleic acid-binding surface and contribute to the binding of single-stranded nucleic acids with dissociation constants of micromolar (lM) to nanomolar (nM) affinity [4, 9, [13] [14] [15] [16] [17] . Studies also show nonspecific interactions of these proteins with RNA, suggesting that Csps play a role as RNA chaperones and prevent the formation of cold-induced mRNA secondary structures [18, 19] . In general, Csps help to preserve cell viability at low temperatures and to restore the normal functions of the microorganism [1] .
The mesophilic bacterium Corynebacterium pseudotuberculosis (Cp) is the causative agent of caseous lymphadenitis, a disease encountered mainly in sheep and goats, and to a minor extent in horses (ulcerative lymphangitis) and cattle (cutaneous excoriated granulomas). Infection leads to drastically reduced yields of wool and milk, weight loss, infertility, carcass condemnation, and eventually death. The infection caused by Cp results in considerable economic loss in production areas worldwide [20] [21] [22] . Rare cases of infection in human have also been reported [23] . As a facultative intracellular pathogen the bacterium is capable of survival and growth in macrophages, and therefore it is able to evade detection by the host immune system [24] . Although Cp is a mesophilic bacterium, growing optimally at 37°C, its genome includes csp genes that code for Csps. The expression, purification and biophysical characterization of the thermal stability of the Cp-CspA were described recently [25, 26] .
The three-dimensional structures of bacterial Csps from Escherichia coli (Ec-CspA) [9, 27] , Bacillus subtilis (Bs-CspB) [8, 13, 15, 28] , Bacillus caldolyticus (Bc-CspB) [7, 29] , Listeria monocytogenes (Lm-CspA) [4] , Thermus aquaticus (Ta-Csp) [5] , Thermotoga maritima (TmCsp) [6] , and Salmonella typhimurium (St-CspE) [30] have been determined by X-ray crystallography and NMR spectroscopy. These Csps contain the canonical fold of this protein family, consisting of five antiparallel b-strands folded as a b-barrel structure and solventexposed aromatic residues that bind directly to singlestranded nucleic acids. Despite the high degree of structural similarity, experimental studies have revealed significant differences in the thermal stability of Csps, which depends on the differences in the number of salt bridges, number of hydrophobic core residues, and charge balance on the protein surface [4] [5] [6] [7] .
In this report, the solution structure of Cp-CspA was determined by NMR spectroscopy. The Cp-CspA is homologous to Y-box proteins of several bacteria and eukaryotes, which are known to bind singlestranded nucleic acids and beyond the DNA Y-box sequence (ATTGG), which is crucial to enhance the translation of cold shock genes in living organisms. The thermal stability of Cp-CspA was measured by differential scanning calorimetry (DSC), and the obtained melting temperature (T m ) of unfolding and structural characteristics were compared with other Csps. The interaction between Cp-CspA and a Y-box ssDNA fragment was studied at different temperatures using the chemical shift perturbation analysis and the techniques of fluorescence (quenching and anisotropy measurements). The structural model of the Cp-CspA/ Y-box complex was generated from docking calculations, and had its conformational stability verified by molecular dynamic (MD) simulations. restraints used to solve the structure of Cp-CspA included backbone torsion angle restraints from TALOS+ [31] and 1 H-1 H distance restraints (3384 NOEs). The superposition of the 15 lowest energy models of Cp-CspA is shown in Fig. 1A . The rootmean-square deviation (RMSD) was (0.14 AE 0.02) and (0.41 AE 0.09)
A for the backbone atoms and all heavy atoms in core region (residues 1-67). Figure 1B shows that the lowest energy Cp-CspA structure determined by NMR spectroscopy forms a bbarrel consisting of five well-defined b-strands: b1, A2-N10; b2, F15-P20; b3, V27-H30; b4, Q46-E54; and b5, P59-A66. The b-strands form a Greek-key topology that is organized in two antiparallel b-sheets. These b-sheets compose a structure internally stabilized by hydrophobic interactions and hydrogen bonds within the b-sheets . The side chains of V6, F9, I18,  V27, V29, I34, L42, V48, F50, I52 , and V64 point to the interior of the b-barrel structure to form a hydrophobic core ( Fig. 2A) . Loop 3 is the longest loop of the protein, which is 15 residues in length and a single turn 3 10 -helix (Y31, S32, E33). The surface-exposed hydrophobic residues W8, F15, F17, F28, Y31, and F39 (Fig. 2B ) form a cluster that is conserved in other Csps and crucial for binding to single-stranded nucleic acids [8, 9, 27, 28] . The Cp-CspA structure displays two salt bridges; one links b1-and b3-strand (K7-D26), and the other involves residues in and next to the 3 10 -helix (H30-E33; Fig. 2C ). The salt bridges are shown to be a structural feature important in stabilizing Csps, especially that exists between residues K6/7 and D24/ 25 which is conserved in other Csps, such as Bs-CspB, Bc-CspB, and Tm-Csp.
Comparative analysis of Csps from different bacteria shows a high degree of primary and tertiary structures similarity. Sequence alignment of CspA from Cp shows that this sequence has 67% amino acid sequence identity with St-CspE, 64% with Bs-CspB, 63% with Ec-CspA, 61% with Bc-CspB, and 58% with Ta-Csp (Fig. 3) . These proteins contain extremely wellconserved nucleic acid-binding motifs (RNP 1 and 2, black box in Fig. 3 ), which are composed of clusters of residues located on the surface of the protein and A with the crystal and NMR structure of Bs-CspB, respectively [8, 28] ; 0.684 and 0.716 A with the crystal and NMR structure of Ec-CspA, respectively [9, 27] ; 0.805 A with the crystal structure of Bc-CspB [7] ; and 0.896 A with the NMR structure of Ta-Csp [5] (Fig. 4) . The backbone conformation of the 3 . Alignment of primary sequence within bacterial Csp family. Sequence homology between Csps is denoted by asterisk (*), colon (:), and period (.). The asterisk indicates fully conserved residue, colon represents conservation between groups of strongly similar properties (scoring > 0.5), and period indicates conservation between groups of weakly similar properties (scoring ≤ 0.5). The secondary structures along the sequence are indicated at the top. The boxes named RNP 1 and 2 denote the residues belonging to the nucleic acid-binding motifs. Multiple sequence alignment was performed by CLUSTAL OMEGA [72] .
residues in the ordered b-sheet domain is very similar among the analyzed Csps; however, some differences can be observed in the conformation and flexibility of the loops, and the amount of hydrophobic core residues and ionic interactions (salt bridges) on the protein surface. The side chain orientations of the surface-exposed hydrophobic residues show significant similarity among the aligned Csps [15] , except for W8 and F39 (Fig. 4) . This observation suggests that side chains of F15, F17, F28, and Y31 belonging to RNP 1 and 2 motifs are not only important for the ssDNAbinding but also relevant for the conformational stability of the protein, as reported in the literature for Bs-CspB variants with the substitutions of aromatic residues by alanine [15, 32] .
Internal flexibility have been previously reported by { 1 H}-
15
N NOE experiments of Csps with the subject of characterizing the motions of each backbone amide on the nano-and picosecond timescale [4, 5, 13] . Here, it was used to investigate flexibility of the loop regions and the C-terminal tail of Cp-CspA. The average 1 {H}-15 N NOE values at loop regions were 0.706 (loop 1), 0.742 (loop 2), 0.631 (loop 3), and 0.346 (loop 4). This result indicates that loops 3 and 4 are the most flexible regions in Cp-CspA (Fig. 5A) , as well as it was observed for the Csp from the mesophilic Bs [13] . The extension between the His 6 -tag and C terminus exhibited the lowest { 1 H}-
N NOE values, suggesting that this terminal region adopts no fixed structure in solution and does not interfere in the native conformation of the wild-type region of the protein. Similar results were observed by analysis of the predicted S 2 values (Fig. 5B ) derived from the Random Coil Index (RCI) webserver for backbone chemical shifts [33] .The six histidine residues of the His 6 -tag were not detected in the NMR experiments.
Thermal stability of Cp-CspA and Cp-CspA/Y-box complex determined via DSC The primary and tertiary structures of Csps from psychrophilic, mesophilic, thermophilic, and hyperthermophilic bacteria are highly conserved, while exhibiting a diverse range of T m values [34] . The analysis of the thermal denaturation by DSC obtained over the temperature range of 10-90°C showed that CpCspA has a T m of (54.5 AE 0.4)°C and a calorimetry , Bs-CspB (green and blue, 1CSP (crystal) and 1NMF (NMR), respectively) [8, 28] , Ec-CspA (yellow and magenta, 1MJC (crystal) and 2L15 (NMR), respectively) [9, 29] , Bc-CspB [orange, 1C9O (crystal)] [7] , and Ta-Csp [light pink, 2MO0 (NMR)] [5] . The solvent-exposed hydrophobic residue side chains are shown (W8, F15, F17, F28, Y31, and F39 for Cp-CspA). enthalpy change (ΔH cal ) of (225 AE 14) kJÁmol À1 in 50 mM potassium phosphate buffer (pH 6.5) containing 50 mM NaCl (Fig. 6 ), which is in agreement with previous data [26] . This result indicates that CspA from mesophilic Cp is more thermostable than psychrophilic (Lm-CspA [4] , T m~4 0°C) and less than thermophilic (Bc-CspB [7] ,~77°C) Csps. T m and ΔH cal values for the thermal denaturation process of the Cp-CspA/Y-box complex were (58.6 AE 0.5)°C and (530 AE 33) kJÁmol À1 , respectively, which are higher than those for the free protein ( Fig. 6 ), implying that the ssDNA fragment binds to native Cp-CspA and stabilizes the folded state [35] .
Chemical shift perturbation analysis of the CpCspA/Y-box-binding process showed Δd values with a significant temperature dependence. The Δd values of the indole group of W8, and of the backbone amide group of F17, V27, and F28 decrease as temperature increases, whereas the reverse occurs for the backbone amide of F39, L42, and K57 (Fig. 7C) . In general, resonances that show the smallest chemical shift change are in fast-intermediate exchange, whereas those that show the largest chemical shift changes are in slow exchange (W8 indole group, K13, G14, V29, Y31, S32, I34, F39, R40, L42), with five of them belonging to the classical nucleic acid-binding motifs RNP1 (K13, G14) and RNP2 (V29, Y31, S32). Residues undergoing fast-to-intermediate exchange were used to extract values of the apparent dissociation constant (K app d ) and stoichiometry coefficient (n) for the Cp-CspA-ssDNA interaction at 35°C. Chemical shift changes for N10, F15, H30, E33, G36, N37, E43, G55, K57, and G58 were fitted using Eqn (1) and thus the binding parameters K app d and n were calculated (Fig. 9) . The average values of K app d and n from NMR data were (310 AE 120) nM and 1.43 AE 0.04.
Cp-CspA-Y-box interaction investigated by fluorescence measurements
The interaction between Cp-CspA and the Y-box ssDNA fragment was also investigated using the fluorescence quenching and anisotropy measurements by monitoring the fluorescence emission of the single tryptophan residue (W8) at 15, 25, and 35°C.
The emission spectrum of the Cp-CspA presents an intensity maximum at 350 nm, indicating that the side The asterisks indicate the proline residues (P20 and P59) and T41 which was not possible to identify and assign for the ssDNA-bound protein form.
chain of the W8 residue is fully exposed to the solvent [36] , in agreement with the structure data. Titration of the Y-box fragment with Cp-CspA caused a decrease in the intensity of the fluorescence signal arising from W8 ( Fig. 10) , indicating that the microenvironment of W8 is affected by the presence of the ssDNA fragment. Figure 11A shows the fluorescence quenching change (F 0 À F)/(F 0 À F s ) at 350 nm. The fluorescence data were fitted using Eqn (2) and the results are values for Cp-CspA are lower than the previously reported values describing the interaction of the Y-box with Bs-CspB [13] (530 nM at 15°C and pH 7.0; 50 mM sodium cacodylate and 100 mM KCl) and Lm-CspA [4] (7200 nM at 25°C and pH 6.0; 50 mM potassium phosphate and 100 mM KCl), which were determined using fluorescence quenching experiments. The values of the stoichiometry coefficient (n) obtained from fitting (Table 3) indicate that probably more than one molecule of Cp-CspA may bind to the one Y-box fragment at 15 and 25°C, whereas a ratio close to 1 : 1 is observed at 35°C.
The dissociation constants obtained at varying temperatures were used to evaluate the thermodynamic properties of ssDNA binding. (K   app  d values were plotted using the van't Hoff equation (Eqn (5)) at 15, 25, and 35°C (insert in Fig. 11A ). The plot is linear over the temperature range studied and the enthalpy change (ΔH°) determined from the slope was (-68 (6) and (7), respectively. ΔG°< 0 and ΔS°< 0 values indicate that the interaction process is spontaneous and entropically unfavorable. The favorable enthalpic term provides the major contribution to the Gibbs free energy change (ΔG°), showing that the reaction is enthalpically driven. The negative values of ΔH°and ΔS°suggest that hydrogen bonds and van der Waals forces play a key role in the formation and stabilization of the Cp-CspA/Y-box complex [37] .
The interaction between Cp-CspA and the Y-box was also investigated by fluorescence anisotropy (r) at 15, 25, and 35°C (Fig. 11B) . The anisotropy value increased at each temperature as the concentration of the ssDNA increased, suggesting a reduction in the molecular mobility of Cp-CspA upon ssDNA binding. However, an overall decrease in the r value is observed at different temperatures. This observation could be attributed to a decrease in viscosity of the solution and is mainly because of a weakening of the CpCspA-Y-box interaction at higher temperatures.
In contrast to the hyperbolic profile of the binding isotherm obtained from the fluorescence quenching experiments, the binding curve for anisotropy measurements showed a sigmoidal profile that indicates the presence of cooperativity in the Cp-CspA-Y-box interaction, mainly at 15°C. The analysis of the titration curve at 15°C using the Hill equation (Eqn (4)) reveals a microscopic dissociation constant (K MD ) of (360 AE 10) nM and a Hill coefficient of 4.7 AE 0.6, which suggests positive cooperativity (Fig. 12 ) [38] .
The anisotropy data at 25 and 35°C could not be fit because no divergence was achieved, but analysis of the binding curves reveals a decrease in the cooperativity and an increase in the K MD values, indicating a weakening of the Cp-CspA-Y-box interaction.
Computational approach of the Cp-CspA-Y-box interaction
The structural model of the Cp-CspA-Y-box complex was calculated using the HADDOCK 2.2 server [39] . The structural restrains of the complex were defined from the chemical shift perturbations due to NMR titration of [U- 15 N]Cp-CspA with Y-box fragment. The residues W8, N10, E12, K13, F15, F28, H30, Y31, S32, Q35, G36, N37, F39, R40, E43, G58, and Q63 were defined as active according to their relative solvent accessible surface areas (details in Materials and methods). Figure 13A shows the structural model of the Cp-CspA-Ybox interaction determined by the docking calculations, which corresponds to the lowest energy structure from the cluster with the lowest HADDOCK score (fraction common contacts = 0.84 AE 0.06, interface-RMSD = 1.2 AE 0. 4 A, and ligand-RMSD = 2.4 AE 0.8 A). The Cp-CspA-Y-box complex model generated from HADDOCK calculations was used to predict the effect of the Y31F mutation in the protein under binding to the ssDNA fragment, since the Y31 of Cp-CspA is a particular occurrence among Csps from mesophilic bacteria and also studies report that Bs-CspB variants with F ? Y/W substitutions in RNP 1 and 2 have two-fold enhanced binding affinity to ssDNA with the Y-box motif compared to the wild-type protein [32, 40] . The effect of the Y31F mutation in the affinity energy of the Cp-CspA/Y-box complex was predicted by using the MCSM webserver [41] that indicated a change in Gibbs free energy (DDG) of À2.632 kcalÁmol
À1
. The MD calculations were used to verify the stability of the structural model of the Cp-CspA/Y-box complex generated from the HADDOCK server, as well as of the complex model with the Y31F mutation. The analysis of the 100 ns MD simulations for the CpCspA/Y-box and Y31F/Y-box complex is shown in Fig. 13 . The RMSDs of all nonhydrogen atoms from the starting structure (HADDOCK model) for the complexes are reported as a function of time in Fig. 13B . For Cp-CspA-Y-box complex, the RMSD reaches stable values after 5 ns, whereas these present significant fluctuations for the Y31F-Y-box complex over the simulation. The number of contacts between atoms of Cp-CspA and ssDNA fragment for distances < 0.6 nm (Fig. 13C) has stable values after 35 ns for the complex formed with the wild-type protein, whereas there is not plateau that indicates stability for the Y31F mutant. Figure 13D shows that the number of hydrogen bonds formed between the wild-type CpCspA and Y-box fragment present stable after 35 ns with an average value of five, being the residue Y31 responsible for at least one hydrogen bond. On the other hand, the Y31F/ssDNA complex has a number of hydrogen bonds lower (two on average) than the complex with wild-type protein, without presents a stability point over the simulation.
Discussion
The three-dimensional structure of Cp-CspA adopts a b-barrel fold consisting of five b-strands, and the structure is similar to other Csp structures (Fig. 4) [5, [7] [8] [9] 27, 28, 30] . Despite the primary and tertiary structures similarity of Csps from psychrophilic, mesophilic, thermophilic, and hyperthermophilic bacteria, these proteins exhibit significant differences in their T m of unfolding. Studies have demonstrated that these different T m may rise from structural differences amongst Csps, including the number of salt bridges, number of hydrophobic core residues, and charge balance on the protein surface [4] [5] [6] [7] . The T m value for the denaturation process of Cp-CspA was~54°C (Fig. 6) , which is in agreement with recently published results [26] . The mesophilic Cp-CspA contains two salt bridges (K7-D26, H30-E33; Fig. 2C ) and 11 residues (V6, F9, I18, V27, V29, I34, L42, V48, F50, I52, V64) that compose the hydrophobic core ( Fig. 2A) . These residues confer Cp-CspA with a thermal stability that is similar to mesophilic Bs-CspB, with a T m of~53°C and one less salt bridge (K7-D25) and two more hydrophobic core residues (L2, V6, F9, I18, V20, V26, V28, I33, L41, V47, F49, I51, V63) [8, 42] . The lower thermal stability of Lm-CspA (T m~4 0°C) compared with that of the mesophilic Cp-CspA may be because of one less hydrophobic core residue and larger electrostatic repulsion on the protein surface, because the number of salt bridges are the same [4] . The negative residue cluster of D21, D22, D26, E49, E51, and E54 in Cp-CspA is better balanced due to the spatial arrangement of these residues when compared with that of E2, E19, E21, D24, D25, D50, E52, and E53 in Lm-CspA. On the other hand, the thermophilic BcCspB (T m~7 7°C) [7] and the hyperthermophilic TmCsp (T m~8 7°C) [6] both contain extensive intramolecular ion pairing of positively and negatively charged residues (E19-K5-E46-R3 and D20-R2-E47-K63, respectively) and one salt bridge (K7-D25 and K6-D24, respectively) that probably explain the reason these two Csps display higher thermal stability when compared with that of Cp-CspA. The presence of a positively charged residue in the N-terminal of Bc- CspB (R3) and Tm-Csp (R2) participating in an ion cluster is a characteristic of the thermophilic members of the Csp family; however, an alanine (A2) is found in the corresponding position in Cp-CspA. Therefore, the structural characteristics of the Cp-CspA and its T m match with the proposal in the literature which relates the thermal stability of Csps to their structural features, such as number of salt bridges, number of hydrophobic core residues, and charge balance on the protein surface [4] [5] [6] [7] 43] .
Coronado et al. [26] reported significant changes in the thermal stability of Cp-CspA over a narrow range of pH values (i.e., 6.0-8.0), which were attributed to variations in the protonation states of H30 and H65. Examination of these residues in the Cp-CspA structure provides a possible explanation for this pH effect. Here, the protonation state of H30 and the possible formation of salt bridge between H30 and E33 may explain the observed pH stability of Cp-CspA. Theoretical calculations using the protein NMR structure by PROPKA 3.0 [44] in the PDB2PQR (version 2.0.0) server [45] showed that H30 and H65 have pK a values of~7.1 and~6.5, respectively. The theoretical pK a of H65 is close to the intrinsic value reported for a histidine completely exposed to solvent [38] . However, due to its pK a~7 .1, the H30 residue could be protonated under slightly acidic conditions (e.g., 6.5) and therefore H30 could form an ionic interaction with E33 in the short a-helix of loop 3. This may confer Cp-CspA with the larger thermal stability under mild acidic conditions when compared with the results measured at pH values above 7.0 [26] .
Chemical shift perturbation analysis showed that residues involved in the Cp-CspA-Y-box interaction are similar to those found for other Csps [4, 5, 8, 9, [13] [14] [15] [16] . The nucleic acid-binding motifs (RNP 1 and 2) and loop 3 are the main protein regions of interaction with the ssDNA, exhibiting a positive electrostatic potential surface as observed in Fig. 8A . The solventexposed aromatic residues (W8, F15, F17, F28, Y31, and F39) participate in complex formation (Fig. 8B) , especially W8 and F39, which showed large chemical shift changes (Fig. 7B) . These results are in accordance with mutation analysis data in the literature that also show that these residues provide conformational stability [15, 32] . Zeeb et al. (2002) showed that the F15A, F17A, F27A, and F30A mutations decreased the thermal stability of Bs-CspB by up to~20°C, and reduced the binding affinity to these Bs-CspB variants for ssDNA by at least four-fold compared to that of wild-type protein. The temperature changes in the NMR titration experiments reveal that the chemical shift changes of particular resonances representing residues are strongly dependent on temperature (Fig. 7C) . The Δd values of the backbone amide of F39, L42, and K57 increase with increasing temperature, whereas a decrease occurs for the indole group of W8, and backbone amide group of F17, V27, and F28. These observations suggest that these residues contribute with different types of noncovalent interactions to the stability of the complex.
Fluorescence quenching experiments showed that binding of Cp-CspA to the Y-box fragment has nanomolar apparent dissociation constants ( Table 3) . The affinity of Cp-CspA toward the ssDNA decreased as the temperature increased, indicating that the interaction is enthalpically driven and entropically unfavorable. The thermodynamic profile indicates that hydrogen bonds and van der Waals forces are important contributions for complex stabilization [37] . The Cp-CspA-Y-box complex has a K app d value larger than reported dissociation constants for the Bs-CspB/Y-box [13] (530 nM; 50 mM sodium cacodylate buffer, 100 mM KCl, pH 7.0, 15°C) and Lm-CspA/Y-box [4] (7200 nM; 50 mM potassium phosphate buffer, 100 mM KCl, pH 6.0, 25°C) complexes. Lee et al. [4] reported that the discrepancy between affinity of ssDNA for Lm-CspA and Bs-CspB could be due to the larger structural flexibility of Lm-CspA, which has longer loops when compared with those of Bs-CspB. Differences in the buffer systems may also explain the differences in the reported K app d values; however, a probable explanation for the higher affinity of the Cp-CspA-Ybox complex may be because of the greater than one stoichiometry coefficient reported, notably at 15°C. Another possible explanation for the larger affinity of the Cp-CspA toward the Y-box may be due to the composition of its aromatic residues involved in the nucleic acid-binding motif, particularly Y31. Studies showed that Bs-CspB variants with F ? Y/W substitutions in the RNP 1 and 2 motifs have two-fold enhanced binding affinity to ssDNA fragments with the Y-box motif compared to the wild-type protein, whereas the F30A mutant caused a 10-fold reduction in affinity [32, 40] . The occurrence of tyrosine and/or tryptophan residues instead of phenylalanine in the RNP 1 and 2 motifs is common in Csps from thermophilic bacteria such as Bc and Tm. Zeeb et al. (2006) reported that Bc-CspB and Tm-Csp bind more tightly to ssDNA compared to the CspB from the mesophilic Bs. The Y31 of Cp-CspA is a particular occurrence among Csps from mesophilic bacteria that probably confers it with a higher binding affinity to Ybox fragment than that observed for Bs-CspB [13] .
The computational approach revealed that the structural model of the Cp-CspA-Y-box complex predicted by the HADDOCK server [39] is in agreement with the analysis of chemical shift perturbation from NMR data and with the calculation of electrostatic potential surface of the protein, as it can be observed in Figs 8 and 13A. The analysis of the mutational effect of the predicted Cp-CspA-Y-box complex by using MCSM server [41] showed that Y31F mutation in the protein destabilizes (DDG = À2.632 kcalÁmol À1 ) the interaction with the Y-box fragment, which is accordance with the proposal raised on the Y31 of Cp-CspA. The results of the MD calculations indicate that Cp-CspA-Y-box complex formed with the wild-type protein is more stable over the 100 ns simulation than that with the Y31F mutant protein (Fig. 13) , reinforcing the particularity of the occurrence of Y31 in mesophilic CpCspA. The trajectory of the complex with the wildtype protein has stability points for the values of RMSD (5 ns) and number of contacts (35 ns) and hydrogen bonds (35 ns) between Cp-CspA and the Ybox fragment, whereas that with the Y31F mutant protein presents significant fluctuations of these parameters over the simulation, exhibiting also a decrease in the number of contacts and a lower amount of hydrogen bonds. The lack of the hydroxyl group of the Y31 side chain in the Y31F mutant penalizes at least one hydrogen bond less in stabilizing the complex with the ssDNA fragment. The fluorescence anisotropy measurements of CpCspA showed a sigmoidal increase upon titration with ssDNA mainly at 15°C, which indicates that a reduction in the molecular mobility is characterized by a cooperative process [46] . The analysis of the anisotropy data reveals that the Hill coefficient is larger than one and therefore the interaction process exhibits positive cooperativity [36, 46] . Two interpretations can be proposed for this positive cooperative process: (a) the binding of the first Cp-CspA to Y-box enhances the affinity for the second protein (mainly at 15°C); or (b) the interaction of the first specific subsite (correct pairing of residue(s) and nucleotide(s)) found among nonspecific interactions increases the affinity for other subsequent subsites successively. A similar mechanism was proposed by Max et al. [15] for binding of Bs-CspB to the ssDNA fragment hexathymidine (dT6).
Cold shock proteins are involved in the regulation of transcription and translation processes by binding to nucleic acids under cold shock conditions. Functions by Csps include control of gene expression, action as RNA chaperones, accessibility control of promoter sites as an example for RNA polymerase, and translation enhancement [1] . Like other Csps, CpCspA displays structural features suitable for interaction with ssDNA, such as flexible loops and a positive electrostatic potential surface composed of solventexposed basic and aromatic residues. In addition, its binding to nucleic acids is characterized by stabilization of the native state of the protein and also greater affinity at lower temperatures.
Materials and methods

Sample preparation
Corynebacterium pseudotuberculosis-CspA was expressed and purified as described previously [25] , considering that LB medium was replaced by M9 minimal medium containing 13 C-D-glucose and 15 NH 4 Cl as the sole carbon and nitrogen sources for production of isotopically labeled protein. In addition to a native 67-residue protein sequence, the studied Cp-CspA has a C-terminal hexahistidine affinity tag with an extension of seven residues. The ssDNA fragment Y-box (TATTGGT) was purchased from MWG Biotech AG (Ebersberg, Germany). The samples used in all experiments were prepared in 50 mM potassium phosphate buffer (pH 6.5) containing 50 mM NaCl. For NMR measurements, 0.1% (w/v) NaN 3 and 1.0 mM DSS in a 93%/ 7% (v/v) H 2 O/D 2 O mixture of the phosphate buffer solution was added. Cp-CspA and Y-box concentrations were determined by absorbance at 280 and 260 nm using extinction coefficients of 8480 (Expasy-ProtParam) [47] and 67 800 M À1 Ácm À1 [48] , respectively.
NMR measurements for structure determination
The NMR spectra of 0.8 mM [U-13 C, 15 N] Cp-CspA were recorded at 25°C on NMR spectrometers equipped with cryogenically cooled z-gradient probes operating at 1 H frequencies of 600 (Bruker BioSpin GmbH, Rheinstetten, Germany) and 900 MHz (Agilent Inc., Santa Clara, USA). Backbone and aliphatic and aromatic side chain 1 H, 15 N, and 13 C resonance assignments for the Cp-CspA were obtained from multidimensional heteronuclear NMR experiments (Table 1 ) [49, 50] . Proton chemical shifts were referenced to DSS, whereas the N and C chemical shifts were indirectly referenced according to the ratios given by Wishart el al. [51] . Data were processed using NMRPipe [52] and analyzed using CcpNMR Analysis [53] . Distance restraints were obtained from 15 N-and 13 C-edited NOESY spectra with mixing times between 150 and 200 ms. Backbone dihedral restraints for the / and w angles were derived from backbone chemical shift using TALOS+ [31] .
Structure calculations
The NOE cross-peak assignments of acquired 15 N-and 13 C-edited NOESY spectra were obtained by an iterative procedure using a combination of manual and automatic steps. The tolerances for automatic assignments by ARIA version 2.3.1 [54] were 0.03-0.06 and 0.05-0.09 p.p.m. for the H direct and indirect dimensions, respectively, and 0.5 p.p.m. for the heteronuclear dimensions. Structures were calculated by a combination of ARIA version 2.3.1 [54] and CNS version 1.21 [55] (including the Aria patchset) using the PARALLHDG force field with a log-harmonic potential [56, 57] and automatic restraint weighting. All MDs parameters were used in the default configuration. The 15 lowest energy structures of the 100 calculated were further refined in a 19-A explicit water shell as a final step in the Aria procedure. The stereochemical quality of the refined models was assessed by PROCHECK-NMR [58] .
VMD [59] and PYMOL [60] were used for the superposition and visualization of structures. N NOE values were calculated from peak intensity ratios obtained from the NOE and control spectra, with uncertainties estimated from the background noise of the spectra [61] .
Heteronuclear NOE experiment
Differential scanning calorimetry
Differential scanning experiments (DSC) were performed using an N-DSC III (TA Instruments, New Castle, DE, USA) in the range of 10-90°C at scan rate of 1°CÁmin À1 .
Samples were diluted in 50 mM potassium phosphate buffer and 50 mM NaCl (pH 6.5) to a final concentration of 100 lM. Both calorimetry cells were loaded with buffer solution, equilibrated at 10°C for 10 min and scanned repeatedly as described above until the baseline was reproducible. The sample cell was subsequently loaded with the Cp-CspA and/or with 100 lM of the Y-box fragment, and scanned. The baseline was obtained by subtracting the buffer scan from the corresponding protein scan. Measurements were performed in duplicate.
Chemical shift perturbation analysis
The chemical shift perturbation experiments for the Y-box binding process of the Cp-CspA were investigated using 2D 1 H-15 N HSQC spectra using an NMR spectrometer operat- and n). Resonances for residues N10, F15, H30, E33, G36, N37, E43, G55, K57, and G58 were used to determine the average K 
Steady-state fluorescence spectroscopy
The fluorescence measurements were performed using an PC1 steady-state spectrofluorimeter (ISS, Champaign, IL, USA) equipped with a quartz cell of 1.0 cm optical path length and a Neslab RTE-221 thermostat bath. Both excitation and emission bandwidths were set at 1.0 or 2.0 mm. The excitation wavelength at 295 nm was chosen since it provides no excitation of tyrosine residues, but excites the single tryptophan residue (W8) of Cp-CspA [36] . The titrations were performed by adding small aliquots from Y-box stock solution to protein solution (2.0 mL) with constant concentration of 1.0 lM at 15, 25, and 35°C. The ssDNA concentration varied from 0 to 1.41 lM with increments of 94 nM. The fluorescence experiments were performed in duplicate.
For fluorescence quenching experiments, the emission spectrum was collected in the range of 305-500 nm with the increment of 1.0 nm, which was corrected for the background fluorescence of the buffer and for inner filter effects [36] . Each point in the emission spectrum is the average of 10 accumulations. The fluorescence quenching data were fitted using following equation [32, 64] :
where F is the measured steady-state fluorescence intensity in the presence of ssDNA fragment, F 0 the fluorescence in the absence of Y-box, and F s the fluorescence emission of the complexed protein (Cp-CspA saturated with DNA). As in the NMR titration experiments, K app d and n were adjusted over fitting process by nonlinear least-squares optimization using Levenberg-Marquardt interactions.
For fluorescence anisotropy experiments, the emission wavelength was fixed at 350 nm and Glan-Thompson polarizers were used. The fluorescence anisotropy of W8 Cp-CspA was determined from the parallel and perpendicular components of the emission, with samples prepared as indicated for acquisition of fluorescence quenching measurements. The value of the fluorescence anisotropy (r) was calculated using the following equation [36] :
where F || is the fluorescence emission intensity parallel to the excitation plane, F ⊥ is the normal component of the same plane, and G is the instrumental factor [36] . Each anisotropy measurement along the titration is the average of 21 accumulations. As well as quenching experiments, the anisotropy measurements were performed at 15, 25, and 35°C. The fluorescence anisotropy data at 15°C were analyzed using the Hill equation [38] :
where r 0 , r, and r s identify the anisotropy value of W8 CpCspA in the absence, presence, and saturated state of the Y-box fragment. K MD is defined as the ligand concentration occupying half of the binding sites on the protein, which also can be interpreted as an apparent microscopic dissociation constant. The Hill coefficient is denoted by h and [L f ] refers the concentration of free ssDNA in solution upon titration process, which was estimated from L f ½ ¼ L t ½ À P t ½ =n ð Þ r 0 À r ð Þ= r 0 À r S ð Þ ½ .
Thermodynamic analysis
The driving forces responsible for the interaction between Cp-CspA and Y-box fragment were calculated from the van't Hoff equation:
where ΔH°is the enthalpy changes, R is the universal gas constant, and K app d
is the apparent dissociation constant at the correspondent temperature (T). The ΔH°value was obtained from the slope of the van't Hoff plot, with the respective values of ΔG°and entropy change (ΔS°) as calculated from the relation:
Charge, protonation state, and electrostatic potential calculation
The electrostatic potential calculations were performed by the APBS software [65] using charge values and protonation states obtained from the PDB2PQR (version 2.0.0) server [45] along with the PROPKA (version 3.0) program [44] . The physical-chemical parameters used for the calculations were 50 mM NaCl, pH 6.5 and 15°C. The electrostatic potential surface of the Cp-CspA was displayed using PyMOL [60] .
Molecular docking
The HADDOCK (version 2.2) server [39] was used to construct model of the Cp-CspA-Y-box complex. The structural coordinates of the protein and ssDNA used as input were obtained from NMR structure calculations and 3D-DART webserver [66] . The chemical shift cross-peaks in the 2D 1 H-15 N HSQC spectra were defined as ambiguous restraints of the interaction at ssDNA-binding interface.
Residues with significant chemical shift perturbation (Δd > Δd av ) were classified as active from the solvent accessible surface area calculations. The average relative solvent accessible surface area (SASA ave,rel ) was determined over the 15 lowest energy structures of Cp-CspA using calc_ave_asa script [39] and NACCESS program [67] . Residues with a SASA ave,rel plus SD more than 40% for either the backbone or side chain were classified as actives; and all those solvent accessible surface neighbors of active residues were automatically defined as passives. The histidine protonation states were set according to the PROPKA results [44] , considering a pH 6.5. The solvated docking mode was selected. In total, 2000 complex structures of rigid body docking results were executed by using the standard HAD-DOCK protocol with an optimized potential for liquid simulation (OPLSX) parameters [68] . The final 200 lowest energy structures were taken for subsequent explicit solvent (water) refinement and semi-flexible simulated annealing refinement, to optimize side chain constants. Structural conformation of the constructed model was displayed using VMD [59] software.
Molecular dynamic
The MD calculations were performed with the GROMACS (version 5.0.1) [69] . The molecular system was modeled with the AMBER99SB-IDLN protein and AMBER94 nucleic acid force field [70] , and TIP3P water model [71] . The structure of the Cp-CspA-Y-box complex obtained from molecular docking calculations was used in the MD simulations. The complex structure with the Y31F mutant Cp-CspA was generated from that with the wild-type protein, substituting Y31 by phenylalanine. The structures of the protein-ssDNA complexes were placed in the center of a 58-A cubic box solvated by a solution of 50 mM NaCl in water, and the protonation state of ionizable residues was set according to the PROPKA results [44] , considering a pH 6.5. Periodic boundary conditions were used and all simulations were performed in NPT ensemble, keeping the system at 288 K (15°C) and 1.0 bar using Nose-Hoover thermostat (s t = 2.0 ps) and Parrinello-Rahman barostat (s p = 2.0 ps and compressibility = 4.5 9 10 À5 Ábar À1 ). A cutoff of 12 A for both LennardJones and Coulomb potentials was used. The long-range electrostatic interactions were calculated using the particle mesh Ewald (PME) algorithm. In every MD simulation a time step of 2.0 fs was utilized and all covalent bonds involving hydrogen atoms were constrained to their equilibrium distance. A conjugate gradient minimization algorithm was utilized to relax the superposition of atoms generated in the box construction process. Energy minimizations were carried out with steepest descent integrator and conjugate gradient algorithm, using 1000 kJÁmol À1 Ánm À1 as maximum force criterion. Finally a 100-ns MD simulation was performed for data acquisition. Following dynamics, the trajectories were concatenated and analyzed by different parameters, such as amount of hydrogen bonds (cutoff distance = 3.5 A and maximum angle = 30°), number of contacts (< 0.6 nm), and RMSD of all nonhydrogen atoms.
